Controlling the sex of offspring by the separation of X and Y chromosome-bearing spermatozoa using flow cytometry has been reported as a clinical technique aiding prevention of X-linked diseases. Although this technique has resulted in several hundred normal births in animals and at least one human birth, there is still concern over its genetic safety due to the involvement of two potentially mutagenic agents: UV light and the fluorochrome dye, Hoechst 33342 (H33342). Human spermatozoa, particularly those considered abnormal, may be more likely to suffer DNA damage following exposure to mutagenic agents, compared with other mammalian species. The stability of normal fresh and decondensed human spermatozoa were examined after exposure to a range of levels of UV and H33342 staining, using an assay that detects endogenous nicks in the DNA of spermatozoa. The stability of abnormal and normal, fresh and frozen-thawed human spermatozoa was examined following UV laser, H33342 staining and flow cytometry treatments utilizing the same assay. There was an increase in the presence of endogenous nicks when spermatozoa were decondensed compared with fresh spermatozoa. There was no increase in the incidence of nicks in any group of spermatozoa after UV and fluorochrome exposure compared with controls without exposure.
Introduction
Flow cytometric separation of viable X and Y chromosomebearing rabbit spermatozoa and the resultant birth of live young was reported by Johnson et al. (1989) . Six years later the world's first human pregnancy was reported, resulting from a sperm sample enriched for the X-bearing chromosome using the same technique (Levinson et al., 1995) . The success of the technique has promoted debate on its more widespread application in humans including family balancing (Edwards and Beard, 1995; Dawson and Trounson, 1996; Pennings, 1996) . Several alternative procedures have been developed for the processing of sperm cells for sex-preselection, including discontinuous albumin gradients, Percoll gradients, Sephadex column separation and a modified swim-up procedure (reviewed by Reubinoff and Schenker, 1996) . Despite several of these alternative methods being offered to patients requiring family balancing, none has proved reliable, there being little if any enrichment following DNA probe analysis of the separated sperm populations (Vidal et al., 1993; Flaherty and Matthews, 1996) . To achieve flow cytometric separation, spermatozoa are stained with a fluorescent dye, Hoechst 33342 (H33342), passed single file through a UV laser beam and the fluorescence in each sperm cell excited. A flow cytometer is used to detect the difference in the total DNA content between the X and Y chromosome-bearing spermatozoa (2.8% in the human) and to separate them accordingly. The use of UV light, a known mutagen, and the fluorochrome dye has caused some concern for the genetic safety of this technique (Ashwood-Smith, 1994; Munné, 1994) .
Over 300 offspring in four mammalian species (cattle, pigs, rabbits and sheep) have been produced using flow-sorted spermatozoa and no gross abnormalities have been reported (Morrell and Dresser, 1989; Johnson, 1995) indicating that at least a proportion of the flow-sorted sperm population had not suffered irreversible DNA damage. However, human spermatozoa, particularly those considered abnormal, may be more susceptible to DNA damage following exposure to mutagenic agents compared with other mammalian species. It has previously been shown that a substantial proportion of mature human spermatozoa possess endogenous nicks as indicated by susceptibility to DNA-polymerase 1 attack without prior addition of endonucleases (Bianchi et al., 1993; Manicardi et al., 1995) . Furthermore, Gorczyca et al. (1993) showed a relationship between those human sperm cells more likely to suffer in-situ DNA strand breaks and sperm samples showing abnormal morphology and low fertility.
We report the results of two experiments analysing the response of human spermatozoa to UV and H33342. In the first, the stability of normal, fresh and decondensed human spermatozoa were examined after exposure to a range of levels of UV and H33342 staining, using an assay that detects endogenous nicks in the DNA of spermatozoa. In the second, we examined whether abnormal and normal, fresh and frozenthawed human spermatozoa displayed an increase in endogenous DNA nicks directly after laser treatment and the process of flow cytometry.
Materials and methods

Pretreatment of sperm samples
Experiment 1: In order to establish whether the detection assay could identify increased levels of DNA strand breaks, sperm samples from three normal healthy donors were split and examined before and after decondensation. Fresh sperm samples were diluted 1:2 in Dulbecco's Ca 2ϩ -and Mg 2ϩ -free phosphate-buffered saline (PBS), centrifuged for 10 min at 1000 g and resuspended at a concentration of 1.5ϫ10 7 spermatozoa/ml. The decondensation procedure was similar to that described by Montag et al. (1992) . Spermatozoa were diluted 1:2 in decondensation buffer (DB; 113 mM KCl, 12.5 mM KH 2 PO 4 , 2.5 mM Na 2 HPO 4 , 20 mM MgCl 2 ; pH 7.4), centrifuged for 10 min at 1000 g and resuspended in DB to a concentration of 1.5-2ϫ10 7 spermatozoa/ml and frozen at -80°C. Frozen samples were thawed and 100 µl aliquots were decondensed by adding 10 µM β-mercaptoethanol (Sigma, St Louis, MO, USA) and 9 µM heparin (H-3393, Sigma) and incubating at 37°C for 20 min or until it was observed that~50% decondensation had occurred (percentage decondensation was checked by observing the proportion of spermatozoa with swollen heads under phase microscopy). To stop the decondensation process, samples were diluted 1:5 with PBS, centrifuged for 10 min at 1000 g and resuspended to 1.5ϫ10 7 spermatozoa/ml.
Experiment 2:
In this experiment the variability in susceptibility to nicking was examined over a range of normal and abnormal fresh and frozen-thawed samples. Spermatozoa were collected from 10 normal healthy donors and 11 donors whose spermatozoa were considered to be outside the normal range as specified by World Health Organization standards (WHO, 1992; abnormal, i.e. with a teratozoospermia index score Ͼ1.5). Samples were either used fresh (n ϭ 8) or frozen in human sperm preservation medium (Mahadevan and Trounson, 1983) and stored in liquid nitrogen until required (n ϭ 13). Frozen samples were thawed by immersing the straws for 30 s in water held at 37°C. All samples were diluted 2:1 with PBS, centrifuged for 10 min at 1000 g and resuspended in PBS.
Experimental design: Hoechst staining, UV laser and flow cytometry treatments Experiment 1: The resuspended fresh and decondensed spermatozoa were divided into six treatment groups: untreated control (control), prolonged exposure UV (↑-UV), 2-4 µs exposure UV (normal exposure during flow-sorting; FACS-UV), 80 and 8 µM H33342 (Calbiochem-Behring, La Jolla, CA, USA; ↑-H and FACS-H respectively) and the FACS-UV and -H treatments combined (FACS-UV/ H). ↑-UV: spermatozoa were irradiated directly by holding 60 µl droplets of the sperm suspension on a glass slide in the path of a 5 W 90-5 argon-ion laser (Coherent Lasers Inc, Palo Alto, CA, USA) operating in the UV range (351-362 nm) for 20 s. The drop formed a cylinder~2 mm in diameter at the bottom edge of the slide. The slide was scanned back and forth so that the 1 mm diameter laser beam was hitting a spot containing 4-5ϫ10 4 spermatozoa at any one time, each spermatozoon thus receiving~1.5 s of exposure to the laser beam. The slide was positioned between the exit point from the laser casing and the final focusing lens and the strength of the laser at this point was 175 mW, measured by an independent laser meter. ↑-H and FACS-H: samples were stained with 80 and 8 µM H33342
respectively for 1 h at 35°C. FACS-UV/H: after staining, a subsample of FACS-H was removed and passed through a modified EPICS V cell sorter (Coulter Corporation, Hialeah, FL, USA; modifications as described by Johnson and Pinkel, 1986) at 2000 spermatozoa/s exiting the flow body through a 76 µm orifice (i.e.~2-4 µs exposure to the laser beam). FACS-UV: an unstained sample was passed through the machine maintaining flow rate settings used for the FACS-UV/H 822 treatment. In the latter two treatments, the sheath and sample fluid were collected and centrifuged for 10 min at 1000 g. Experiment 2: Fresh or frozen normal or abnormal spermatozoa were divided into three treatment groups: control, FACS-UV/H and ↑-UV/ FACS-H. In the latter two treatments, samples were incubated for 1 h at 35°C with 8 µM H33342. The stained spermatozoa were either irradiated directly on a glass slide as described in Experiment 1 except that the laser power at the site of contact was 125 mW and the drop size was 50 µl (↑-UV/FACS-H) or passed through a modified FACStar cell sorter (Becton Dickinson Co, Mountain View, CA, USA, modifications as described by Johnson and Pinkel, 1986 ) at a rate of 2000 spermatozoa/s as for Experiment 1 and the spermatozoa recovered by gating the whole sperm population (FACS-UV/H).
Sperm fixation
The spermatozoa were fixed within 2 h of completion of treatment. Prior to fixing, all samples were either diluted or resuspended in PBS to 1 ml, centrifuged for 10 s at 12000 g and resuspended with 8-16 drops of fixative (methanol:glacial acetic acid, 3:1). The samples were kept at 4°C for 5 min and then spread on slides.
Staining and analysis of spermatozoa for endogenous nicks
The nick translation procedure is as described by Sumner et al. (1990) except that streptavidin (SAHR) fluorescein isothiocyanate (FITC) was used as a label instead of strepavidin alkaline phosphatase to indicate the incorporation of biotinylated d-UTP. Then 100 µl of diluted FITC solution (10 µl SAHR FITC, 90 µl Tris buffer, pH 7.5, and 900 µl bidistilled water) was added to the slide, a coverslip mounted and the slide incubated in a humidified chamber at 37°C for 30 min. After incubation the slides were washed twice in PBS, once in bidistilled water and then mounted with a mixture of buffered glycerol and p-phenylenediamine. Fluorescence studies were performed with a Zeiss Photomikroscop equipped with a photometer 03 microfluorimeter using the following filters (exciter: BP485, dichroic: FT510, barrier: LP520). A total of 100-200 spermatozoa were counted per slide and those fluorescing and hence incorporating biotinylated d-UTP were classed as having endogenous nicks.
Statistical analysis Experiment 1:
The proportion of spermatozoa with nicks present per slide was compared using a split plot analysis of variance with type (fresh or decondensed) being the subplot and treatment of spermatozoa and sample being the main plots. Significant differences between individual sample means were determined by the least significant difference procedure.
Experiment 2:
The proportion of spermatozoa with nicks present per slide was compared using a split plot analysis of variance with treatment being the subplot and type (normal or abnormal), storage (fresh or frozen-thawed) of spermatozoa and sample being the main plots. A Student's-Newman's-Keul's test was used to compare the treatment means.
Results
Experiment 1
The mean proportion of nicks observed was higher in decondensed than fresh spermatozoa (Table I) . Following decondensation, the proportion of nicks observed was variable between samples and treatments (Tables I and II) . Consequently, the detection technique utilized in this study is capable of distinguishing differences between sperm samples when increased levels of DNA strand breaks are present.
Experiment 2
The proportion of spermatozoa with observed nicks between and within samples varied quite considerably and ranged from 0 to 38% per sample, similar to the results previously reported by Manicardi et al. (1995) . Surprisingly, the FACS-UV/H and the ↑-UV/FACS-H groups had a smaller proportion of spermatozoa with nicks compared with the untreated control (Table III) . The mean proportion of nicks observed was lower in fresh than in frozen-thawed spermatozoa and in normal compared with abnormal sperm samples (Table IV) ; however, 823 these differences were not significant. There were no significant interactions.
Discussion
An increase in the proportion of DNA nicks in human spermatozoa was observed after spermatozoa had undergone a decondensation procedure thus establishing a positive control for the detection assay. The proportion of endogenous DNA nicks in human spermatozoa was not increased after exposure to UV and/or H33342 staining during the flow sorting processes nor was there an increased incidence of nicks in abnormal compared with normal spermatozoa. The prolonged UV (↑-UV) treatments were not directly comparable with the FACS-UV treatment, as the laser focus and power at the two sites of irradiation would differ slightly and the depth of the droplet was~25 times wider than the stream but it was estimated that the average spermatozoa would receive 1000-fold or more irradiation on the glass slide than in the flow stream. No increase in damage could be detected in either experiment after prolonged exposure of spermatozoa to UV. This is most likely due to the highly compact nature of the chromatin in mature spermatozoa. During spermiogenesis the sperm nucleus undergoes changes in the packaging of its chromatin. At full maturity the spermatozoa are extremely compact and stable, resulting in a chromatin structure very different from that found in active somatic cells (Ward and Coffey, 1991) . This may explain why some somatic cells are more sensitive to the effects of UV and fluorochrome staining while spermatozoa are apparently unaffected. Durand and Olive (1982) demonstrated an inhibition of DNA synthesis in Chinese hamster V79 lung fibroblasts after they had been exposed to 5-10 µM H33342, as well as an increase in mutations as tested by the 6-thioguanine resistance assay. Van Zandt and Fry (1983) reported a reduction in the viability of colony-forming haemopoietic cells following a 30 min exposure to a 5 µM concentration of H33342. Once the cells were returned to normal media there was a rapid efflux of the stain, but the residual stain was only removed by subsequent cell divisions, and following this normal cell growth resumed. H33342 is a highly permeable bisbenzimide stain that binds to the adenine-thymine regions of, but does not intercalate, the DNA helix (Johnson and Schulman, 1994) . Watkins et al. (1996) found no effect on motility of human spermatozoa exposed to 9 µM H33342, little effect at 90 µM and a complete cessation of motility at 900 µM. In the same report, the authors assessed a representative region on the β globin gene of human spermatozoa for mutations following incubation of spermatozoa for 24 h with concentrations of 0.9-9000 µM H33342. Frame shift or base substitution mutations were not detected and point mutations were only detected at high concentrations (ജ900 µM).
UV light is a known mutagen and chromosome structural abnormalities have been reported in the first cleavage stages of mouse oocytes that had been fertilized by UV-irradiated spermatozoa (Matsuda and Tobari, 1988) . Libbus et al. (1987) made chromosome preparations from isolated sperm nuclei from voles. The nuclei were microinjected into hamster oocytes in order to ascertain whether or not chromosome damage was induced by staining with H33342 and/or UV irradiation during flow sorting. From 111 chromosome spreads, they concluded that the staining alone did not affect the number of aberrations. The entire sorting process led to an increase in chromosome damage, with UV laser irradiation postulated as being responsible for a substantial proportion of the abnormalities observed. However, other factors such as the extensive sonication of the spermatozoa prior to sorting are likely to have confounded the results. Cran et al. (1994) reported similar cleavage but reduced blastocyst development rates and reduced pregnancy rates following embryo transfer of bovine oocytes fertilized with flow-sorted, in comparison with unsorted unstained spermatozoa. Similarly, McNutt and Johnson (1996) reported no difference in in-vitro fertilization (IVF) rates but there was reduced embryo survival after 21 days following artificial insemination of does with flow-sorted compared to unstained unsorted rabbit spermatozoa. Whether this reduced development is a factor of the sorting and staining processes of the spermatozoa or whether the oocytes were compromised in other ways such as reduction in fertilization droplet size or a small dilution of fertilization media constituents with sheath fluid is unknown.
Separation of X-bearing spermatozoa by flow cytometry followed by IVF is currently used to produce predominantly female embryos in order to prevent X-linked diseases (Levinson et al., 1995) . It has been suggested that a further refinement would be to use the sorting process in conjunction with microinjection of whole spermatozoa or sperm heads making more efficient use of the low numbers of spermatozoa produced by this technique (Johnson et al., 1993) . While with normal IVF, it could be presumed that the 'fittest' spermatozoa will fertilize the oocyte, with intracytoplasmic sperm injection (ICSI) it becomes more critical to be sure that the spermatozoon chosen for injection is capable of normal fertilization and development. Indeed, a preliminary study has recently shown that spermatozoa selected from samples with a high percentage of nicked DNA show anomalies in decondensation after ICSI (Sakkas et al., 1996) . The modified cytometers utilized in this study are routinely used to separate porcine and ovine X-and Ybearing spermatozoa with resultant purities of Ͼ80% (porcine; Hansen et al., 1997) . While normal fertilization, cleavage and blastocyst development can be achieved following ICSI of flow-sorted ovine spermatozoa, the rates are lower than those achieved with unsorted spermatozoa (S.L.Catt, J.W.Catt, M.C.Gomez, unpublished observations).
In conclusion, this study has shown no evidence of an increase in sperm DNA nicking immediately following the flow-sorting process. However, the possibility of mutations occurring in embryos derived from human spermatozoa sorted by flow cytometric methods cannot be eliminated. The confirmation of these results using alternative techniques to determine the presence of DNA strand breaks, such as DNA gels, alkaline elution (Sega et al., 1986) or the comet assay (Fairbairn et al., 1995) is still required. The use of denaturing gradient gel electrophoresis should enable the determination of the incidence of point, frame shift or base substitution mutations in spermatozoa and embryos (Watkins et al., 1996) . 824
